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Abstract 
Single particle Fourier transform infrared (FTIR) spectroscopy provides the volume 
fractions of chemical constituents in particulate matter by means of a Mie-Bruggeman model 
developed by our research group.  Other techniques, such as electron microscopy, x-ray methods, 
and mass spectrometry, provide elemental analysis, and it is known that there is aluminum in 
many dust samples.  We are interested in using single particle infrared spectroscopy to quantify 
and identify the aluminum containing compounds rather than just the elemental aluminum.  The 
Mie-Bruggeman model currently includes quartz, calcite, dolomite, three types of clay, gypsum, 
and three types of organic molecules.  This works describes the addition of hydrated alumina to 
the model.  The next part of the project will involve applying this model to single particle 
spectral libraries of dust from our lab air, a house-filter, snow piles from High Street, the 9/11/01 
World Trade Center event, and the International Space Station.  Identifying the specific 
composition in such dust samples will yield benefits ranging from scientific understanding to 
being capable of discerning new health risks. 
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Chapter 1: Introduction 
The chemical composition of many particulate matter sample fragments is unknown.  The 
focus of this study is to add calibrants (pure materials) thought to be in the dust of interest into 
the infrared dust model and, ultimately, to use such infrared models to yield insight on the 
component fractions of dust samples.  Certain imaging techniques – such as electron microscopy, 
x-ray methods, and mass spectrometry – can all be used for analysis on dust particles.  These 
methods, however, can take a long time, can destroy the particle during the operation, and, most 
crucially, only provide elemental analysis. 
Fine particles are generally considered more important than coarse ones in air monitoring 
with regards to public health because the former penetrate and are retained more deeply in the 
human respiratory tract1.  Therefore, in one study, the concentration of soil-driven particles in 
atmospheric aerosol samples is found using methods presented by the National Air Surveillance 
Network (NASN) of Japan1.  Excess added aluminum in airborne particulate matter (APM) (<10 
μm) is also determined because aluminum is so widely used in industry and daily activity.  
Therefore, even though the source of aluminum in the atmosphere is mainly wind-blown soil 
particles, human activities such as metal industry, fuel combustion, and so on, can be origins of 
excess Al in the atmosphere.  This is depicted in Figure 1: 
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Figure 1.1: Aluminum concentrations in various environment samples1. 
This information illustrates that Al is a necessary indicator element for the 
characterization of the atmospheric aerosol.  What is currently unknown, however, is the specific 
composition of Al compounds in these samples.  The goal of this research is to discern this 
composition as well as its amount.  To further illustrate this point, consider Figure 1.2: 
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Figure 1.2: Using single-particle mass spectrometry to discern data for aluminum particles collected during the ACE-Asia field 
campaign12. 
In this figure, the particles are classified and sorted according to different types.  The data shown 
in the pie graph represent the complexity of mineral dust particles containing aluminum in the 
troposphere. 
There are also some established safety protocols regarding APM.  The EPA sets a 24-
hour standard of 35 μg/m3 for particulate matter (PM) smaller than 2.5 μm and 150 μg/m3 for PM 
smaller than 10 μm.  More information regarding particle composition in the size range between 
2.5 and 10 μm would be particularly useful since these particles get inside of human lungs.  
Furthermore, because the airborne lifetime of particles decreases as the particle diameter 
increases, particles of ~4 μm in diameter are expected to be more correlated with the local 
environment, and thus health.  Substances such as elemental carbon, calcium, vanadium, and 
organic carbon material in PM have illustrated strong positive correlation with respiratory health 
effects2.  An extreme illustration of disease caused by particulate matter is the “London Smog” 
of Dec. 4—9, 1952, in which approximately 300 times the normal amount (7000 μg/m3) of PM is 
thought to have killed 12,000 people2. 
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Chapter 2: Plasmonic Nature of Mesh 
The main novel idea with this project is that it utilizes the phenomenon of plasmonics 
(interaction of IR light and conducting metal electrons) to trap light in holes that are smaller than 
the wavelength of that light itself.  To achieve this, a gold mesh containing square holes 5 μm 
that is spaced by 12.7 μm is cut and attached to a washer about the size of a quarter.  It has been 
previously demonstrated that IR transmission modes mediated by surface plasmon polaritons run 
rampant across the surface of a plasmonic mesh2.  As a result, a particle in a subwavelength 
mesh hole experiences radiation very differently than an isolated particles: light incident on an 
isolated, wavelength-scale particle is dominated by scattering, which is well-modelled by Mie 
theory.  On the other hand, a particle in a mesh hole is touched on four sides by surfaces carrying 
evanescent waves.  The mesh spectra are dominated by absorption and are free of the usual Mie 
scattering effects.  To illustrate this phenomenon, spectra of twenty individual 5 μm diameter 
latex (polystyrene) spheres were averaged as shown in the top of Figure 2, while nineteen single 
spectra of mesh holes were averaged to obtain the spectrum in the bottom panel of Figure 2.12. 
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Figure 2.1: IR spectra of single 5 μm diameter latex spheres on a ZnSe window (top) and within a hole of metal micromesh 
(bottom).  Dominant scattering effects are diminished by plasmonic mesh. 
 Spectra of hydrated alumina are presented in Appendix A using methods similar to the 
ones used when recording the IR spectra of latex spheres.  It is worth noting that the most 
common type of alumina is γ-alumina (γ-Al2O3), and the two most common types of alumina 
hydroxide are gibbsite (α-Al(OH)3) and bayerite (β-Al(OH)3)10.  However, none of the particles 
from the bottles labeled “gibbsite” are actually gibbsite, and much of the alumina is hydrated 
(discussed in more detail in Chapter 4). 
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Chapter 3: Methodology 
The calibrant, or unknown compound thought to be in the dust samples of interest, is 
added to the gold mesh.  This calibrant (hydrated alumina), is in the form of powder.  A vacuum 
is run (~1 min) to trap the particles in the actual mesh holes.  Next, a Perkin-Elmer Spotlight 300 
IR microscope is used in combination with an FTIR to acquire a full spectra at each 6.25 μm 
square pixel within the imaging region.  By using both reflection and transmission optical modes, 
it can be discerned that the particles is contained in the hole, but little else3.  To begin this 
process, a region of interest is found and marked.  The imaging spectra are recorded at 4 cm-1 
resolution using 512 scans per pixel4.  The range is 700-4,000 cm-1, and the imaging mode is 
transmission.  A background is also taken on a region of empty mesh holes. 
In the example shown below in Figure 3.1, a square region of ~65 μm is drawn over 2 
particles of interest (note: a third particle appears to be in the square window; however, it is not 
actually trapped in a hole and therefore is not enhanced). 
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Figure 3.1: A reflectance image of a hydrated alumina sample (from a bottle labeled “gibbsite”). 
Next, each spectrum found is specified for analysis by employing “ballpark” estimates of 
where particle signatures might lie (a software tool in the Perkin-Elmer program called 
Chemimap does this).  In other words, within the raw spectra given by the 2D contour plot, the 
user picks wavenumbers of material of interest such that the contour shows high density 
absorbance values.  This analysis is to better identify where particles might hide and, likewise, to 
better hide where background is otherwise sensitive and misleading.  For example, in Figure 3.2 
shown below, the contour plot clearly illustrates one particle, located toward the bottom-right 
portion of the graph.  However, there is another, not-so-obvious particle to the bottom left that is 
more explicitly identified through using the Chemimap tool to increase the sensitivity of particles 
with spectra shown by the obvious particle given.  Similarly, if this “greenish” particle is not 
actually relevant to the study, it will blend in with the background.  In this case, it is indeed a 
particle (Figure 3.3).  For comparison, the reflectance image corresponding to the 2D window is 
shown on the right of Figure 3.2. 
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Figure 3.2: A 2D contour image of 2 gibbsite particles before Chemimap is used. 
For hydrated alumina, a Chemimap setting of 2,700 and 3,700 wavenumbers are used for 
the Base 1 and Base 2 settings, respectively, with the “Start” at 3,300 wavenumbers. For each 
analyzed spectrum, two windows of 3 pixels by 3 pixels long are chosen in Chemimap: one 
containing the particle of interest, and the other containing an empty hole for a background. 
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Figure 3.3: A 2D contour image of 2 gibbsite particles after Chemimap is used.  It is clearly much more obvious that there are 
two particles in this region, as opposed to the information illustrated from Figure 3.2. 
 
Once the 9 usable particle spectra are found, they are then examined with SPECTRUM 
software for background cancellations, smoothing, baseline corrections, and other such related 
refining tools.   
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Chapter 4: Results and Discussion (Mie Theory) 
In total, there are 9 usable hydrated, and Figure 4.1 shows them overlaid on top of one 
another before they are averaged. 
 
Figure 4.1: Nine hydrated alumina spectra, soon to be average for Figure 6. 
Although this study is on hydrated alumina, it is worth noting that originally there were 
thought to be two calibrants: gibbsite and alumina.  The results found are interesting because 
there are –OH stretch vibrations of water in the alumina spectra, yet the species is γ-A2O3.  This 
odd behavior indicates that the spectra of “alumina” is not actually what is commonly thought to 
be alumina, but is instead be some form of hydrated alumina: Al2O3 * XH2O, where X = 0, 1, or 
3. Furthermore, these –OH stretches are not narrow peaks, but are instead broad regions which 
indicate that the stretches observed are from hydrates.  This likely possibility is due to the 
hydrogen bonding of alumina to water, which produces broad –OH stretches.  Also, it is 
understood that there are typically about three monolayers of water are adsorbed on alumina 
surfaces11, and since these particles are micron-sized, there is a lot of surface area exposed to 
18 
 
bind with water.  For comparison, Figure 4.2 illustrates a spectrum of what a general, free –OH 
stretch resembles. 
 
Figure 4.2: -OH stretch of pinoresinol using infrared ion-gain spectroscopy (no significant hydrogen bonding)13. 
The lack of narrow, free –OH stretch vibrations could also be observed when analyzing 
the results that were supposedly for gibbsite because similar –OH hydrogen stretches are found.  
In fact, there is really no way to differentiate between the “gibbsite” and “alumina” spectra 
because they both appeared to form hydrated alumina.  Due to this lack of distinction, the spectra 
data from both the gibbsite (2 usable particles) and alumina (7 usable particles) are averaged 
together (Figure 4.3).  Overall, these behaviors help lead to the conclusion that the “two 
calibrants” are in fact the same chemical.   
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Figure 4.3: Average of 9 particle spectra of hydrated alumina 
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Chapter 5: Results and Discussion (Mie-Bruggeman Theory) 
The result from Mie is a predicted spectra that fits well with the experimental average, 
seen overlaid in Figure 5.1: 
 
Figure 5.1: The average fit from Figures A1-A7 graphed with the experimental fit from Mie Theory. 
From the Mie fit, one can also obtain the permittivity of this hydrated alumina mixture.  
Equation 1 is the equation that gives these parameters (based on Mie theory), and Table 1 shows 
the parameters used to create the Mie fit spectrum. 
  (1) 
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Table 1: Hydrated Alumina Mie Fit Parameters of the Average of 18 Particle Spectra; the Fitted Radium is 2.178 μm and ε0 = 
1.75. 
 
 
 The hydrated alumina can be added as a calibrant for Mie-Bruggeman modeling of dust 
libraries.  An overview of this technique and expected results are given, although this research 
has not yet gone far enough to test the calibrants studied in this thesis.  The idea behind a Mie-
Bruggeman spectral model is that one can predict the orientationally-averaged IR spectra of a set 
of individual, mixed-composition particles5.  By trapping calibrants in mesh, an average of the 
individual particle spectra are fit by a Mie theory model and are tabulated as dielectric functions 
of each component.  Mie theory is used to model the spectra of small, homogenous particles 
comparable in size to the wavelength of light.  This model requires calibration in the form of 
spectra of individual pure particles that are known to be in the particulate matter of interest.  One 
inputs the particle radius (r) and complex index of refraction (m) (as function of wavenumber), 
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and the output is a series solution to Maxwell’s equations that yield complex Mie coefficients5.  
The index refraction, which is a function of wavenumber, is also the square root of permittivity 
() (refer to Equation 1 above). 
The permittivity of a material requires vibrational information, including 𝐴𝑗 ,  𝜈0,𝑗, and 𝛤𝑗, 
which are intensity, position, width, respectively.  To obtain these coefficients – as well as the 
extinction, scattering, and absorption spectrum – a program was written in Fortran using Bohren 
and Huffman’s well-known subroutine.  Also note that ε0 is the constant, generic part of the 
complex dielectric function, j is an index over the vibrations, Aj is the unit-less strength of the 
vibrational transition, ṽ0,j is the position of the transition in wavenumber units, and Γj is the full-
width-at-half-max of the resonance in wavenumber units5.  Next, the Bruggeman model is run to 
find an effective dielectric of the mixture based on the pure calibrants.  Bruggeman theory, in 
short, is a simple, effective medium theory that provides an effective permittivity, eff, of a 
mixture based on the pure permittivities of the components, ei, and the component volume 
fraction, fi
 (6).  The model starts with a numerical, iterative approach starting with an initial guess 
of the volume fractions (Equation 2), which is then used to obtain an initial guess of the effective 
permittivity.  The 
 (2) 
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Figure 5.2: Flow diagram for a visual representation of Mie-Bruggeman theory2. 
 
After, the effective permittivity of the mixture is used with Mie theory to predict an 
orientationally-averaged IR spectrum of an average particle of the mixed sample6.  Then, the 
volume fractions are varied in a nonlinear least squares approach while comparing to the 
experimental average spectrum in order to find the best fit.  Figure 5.3 illustrates the best fits for 
lab air dust, house dust, and the World Trade Center 9/11/2001 event.  Figure 5.4 gives the 
volume fraction of each calibrant. 
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Figure 5.3: Mie-Bruggeman model fits. Mixture model fits of the average IR spectra from single particle collections of lab air, 
house dust from a filter, and the WTC 9/11/2001 event6. 
 
Figure 5.4: Volume fractions for given calibrants, which are iteratively calculated from the Bruggeman theory from the equation 
presented in Figure 86. 
Although these five calibrants have been studied, it is likely that there remain other 
unknown calibrants present in the dust.  For instance, as previously mentioned, there is more 
elemental Al in dust than what has been accounted for in composition.  Gibbsite and alumina are 
25 
 
analyzed because they are both relatively common aluminum-containing compounds, 
particularly in soils. 
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Chapter 6: Future Work and Conclusions 
 After the Mie-Bruggeman analysis is done for hydrated alumina, it would be wise to 
check for other calibrants that are both in as well as not yet in the dust library, such as different 
organics, clays, and carbonates.  These compounds can include humic acid salt, polyethylene, 
kaolinite, montomorolite, illite, calcite, dolomite, gypsum, and quartz.  Kaolinite is a favored 
weathering product in warm, humid environments8.  Illite is favored in midlatitude weathering 
conditions and is also observed in dust collected over the world’s oceans.  Another attractive 
reason to study this calibrants is that there are very little regional mineralogical differences9 (for 
quartz, there is no difference). 
One of the former OSU undergraduates also studied snowpile dust, but since no 
calibration data have yet been found, one could also incorporate the calibrants for those dust 
samples.  Dust samples from Steubenville, Ohio, are also of interest because they contain 
unidentified compounds, and the city is relatively close to OSU itself.   
Overall, this analysis illustrates how hydrated alumina could lead to the conclusion that 
this calibrant is part of the dust library, and it is also performed to show that basically any dust 
can be analyzed in a plasmonic mesh.  More specifically, it could provide insight related to 
health or environmental concerns if, for instance, high levels of hydrated alumina in dust in a 
particular location is correlated with known medical or environmental risks. 
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Appendix A: Individual Hydrated Alumina Spectra Sorted by Bottle 
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Figure A1: Individual hydrated alumina particles from bottle labeled “alumina.” 
 
 
Figure A2: Individual hydrated alumina particles from bottle labeled “gibbsite.” 
 
